Abstract: 3,7-Dinitro-1, 3,5,7-tetraazabicyclo[3,3,1]nonane (DPT) is one of the most important intermediates in the synthesis of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). A suitably modified Bachmann process, nitrolysis of solid hexamine in the presence of ammonium nitrate-nitric acid and acetic anhydride on a laboratory scale, is introduced to increase the efficiency, production capacity and purity of the DPT produced. Various quantitative and qualitative analytical methods were used for the identification and quality control of the product. A central composite design (CCD) of experiments was used to optimize the production process, increasing the production capacity, reducing the amount of acetic acid as the reaction medium to a suitable limit, and examining the effects of the main factors impacting on the efficiency of the nitration, e.g. the volume of ammonium nitrate-nitric acid solution, nitration temperature reactor addition time and volume of acetic anhydride. The overall results indicated that DPT was obtained with an efficiency of 64.58% and a production capacity of 20.77 (100 g·mL ).
Introduction
3,7-Dinitro-1,3,5,7-tetraazabicyclo [3, 3, 1] nonane (DPT) is an intermediate for the commercial explosives octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) Medium [19] Impact sensitivity (detection by noise), [J] 50.0 [18] Stability Very good
Solubility
Good solubility in low concentration mineral acids (precipitation at pH=3.4) [21] ; Slightly soluble in organic solvents (e.g. in acetone) [21] ; Practically insoluble in cold water, decomposed in hot water [24] 
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The production capacity is the weight of the product produced per unit volume. The purpose of this study was to increase the efficiency, production capacity and purity of DPT by a modified Bachmann process. A central composite design (CCD) of the experiments and MINITAB version 16 (Minitab Inc., Coventry, UK) [8] were used to identify the best conditions for the DPT synthetic process, with four important input parameters. Since DPT synthesis from hexamethylenetetramine using a solution of ammonium nitrate-nitric acid and acetic anhydride occurs in an acetic acid medium (this reagent occupied the main volume of the reactor), this study reduced the volume of acetic acid and concentrated the nitration conditions, and afforded higher production capacity, efficiency and optimal purity. Moreover, it was shown that increasing the production capacity can be achieved by increasing the efficiency and reducing the volume of acetic acid per kilogram in a batch process.
Experimental

Materials and methods
The starting materials consisted of hexamine (hexamethylenetetramine, HMTA), ammonium nitrate(V) (AN) (with a purity of >98%), concentrated nitric)V) acid (98%), glacial acetic acid (99%), acetic anhydride (99%) and paraformaldehyde (stabilizer) were purchased from industrial sources. A 47% solution of AN in nitric acid (NA) was prepared and used according to the industrial conditions. With regard to the density of NA (1.51 g·mL −1 ), it was possible to prepare the solution of 47% AN-NA by using a ratio of 400 g AN in 300 mL NA.
Preparation of DPT from hexamine
DPT was manufactured on a laboratory scale by nitrolysis of hexamine in the presence of AN-NA and acetic anhydride [9] . Glacial acetic acid (60.2 mL), acetic anhydride (7.73 mL) and paraformaldehyde (1-2 g) were added to a semibatch jacketed glass reactor equipped with a stirring assembly ( Figure S2 ). The temperature of the reactor was maintained in the range 32-60 °C by the simultaneous addition of solid hexamine (28.92 g), AN-NA solution (20-40 mL) and acetic anhydride (60-80 mL) to the reactor via a pre-calibrated dropping funnel over a period of 15-30 min. After the addition of the reactants, the reaction mixture was stirred for 20 min in the temperature range 30-46 °C. The reaction was quenched by the addition of a mixture of ice and water. The reaction product was then immediately filtered off under vacuum. The solid obtained was neutralized on the filter to pH 6-7 with 25% aqueous ammonia at 20-25 °C and washed with water several times. After drying the product at room temperature, its melting point was in the range 201-210 °C ( Figure S3 ).
Analysis and characterization of the synthesized DPT
Various quantitative and qualitative analytical methods were applied for the identification and quality control of the synthesized DPT including:
(i) Melting point: The melting points of DPT and RDX are close to each other but lower than HMX (Table S1 ) [10] .
(ii) 1 H NMR: The 1 H NMR of DPT shows a singlet (δ = 4.1 ppm) for the methylene bridge protons and two doublets (δ = 4.9 ppm and 5.5 ppm; gemcoupling) arising from the non-equivalence of the axial and equatorial protons of the ring methylene group that are in close agreement with reported data ( Figure S4 ) [11, 12] .
(iii) High Performance Liquid Chromatography (HPLC): HPLC was employed to determine the purity of DPT and the amount of RDX impurity present in the samples. The eluent used was mixture of acetonitrile, methanol and water (5:35:60) at a flow rate of 1 mL·min
. The chromatogram of DPT ( Figure S5 ) shows a single peak at a retention time of 4.10 min, with purity greater than 98%. The observed peak at retention time 3.03 min was due to a negligible amount of RDX impurity. The peaks present at retention times 2.31 min and 2.52 min are related to the solvent used. The chromatograms obtained for DPT containing HMX and α-HMX are shown in Figures S6 and S7, as well as Table S2 .
(
iv) Fourier transform infrared spectroscopy (FT-IR):
The FT-IR spectrum of the synthesized DPT is shown in Figure S8 , in which two peaks at 1508 cm , correspond to the asymmetric stretching vibrations, as well as a single peak at 1289 cm −1 , are related to the symmetric stretching vibrations of the nitro group. IR absorptions at 2965 cm −1 and 3052 cm −1 are assigned to the asymmetric and symmetric vibrations of the methylene groups of DPT. The FT-IR spectrum is in conformity with the reference spectrum [11] .
Results and Discussion
Methodology
The Response Surface Methodology (RSM) is a statistical method that is useful for the optimization of chemical reactions and industrial process. It is widely used for the Design of Experiments (DOE) [13] . In this article, the use of CCD for DOE was used to determine the settings of the factors that would result in the optimum value of the response.
Identification of the inputs and responses of the system
The volume of ammonium nitrate-nitric acid solution (x 1 ), nitration temperature (x 2 ), reactor addition time (x 3 ) and the volume of acetic anhydride (x 4 ) were considered as the input parameters. Meanwhile, the efficiency (E) and the production capacity (Pr) were specified as the responses, as shown in Figure S9. 
Selecting the appropriate levels for the process parameters
Selection of the operating range of the process parameters is important because too wide a selection may form an infeasible range for the response surface, while a narrow range can result in poor information regarding sensitivity [14] . The levels for each process parameter were decided on the basis of information provided by industry, initial experiments and consulting the literature (Table S3) . The CCD was used to optimize the levels of the four selected input parameters for obtaining the maximum response.
Experimental design
In statistics, RSM explores the relationships between several exploratory variables and one or more response variables, where the second order polynomial response surface mathematical models can be developed as [15] : (1) where y is the corresponding response (E or Pr) for the various DPT synthetic process variables, the x i (1, 2, . . . , k) are the coded levels of k quantitative process variables, the terms β 0 , β i , β jj and β ij are the second order regression coefficients and ϵ is a random error term. The second, third and fourth terms in Equation 1 correspond to the linear effect, the interactive effects of the process parameters and the higher-order effects, respectively.
Experimental data collection
The suggested 31 experiments were different combinations of the four different parameters consisting of five levels ( Table S4 ). The sets of combinations of the input operating parameters, as suggested by the MINITAB 16 software, are listed in Table S4 .
Developing the statistical models, statistical analysis and testing of the models
Experiments were conducted to determine the E and Pr values for DPT using different combinations of the variables. The non-linear regression model was developed using the data collected as per the CCD of experiments. The analysis of variance (ANOVA) technique was used to evaluate the statistical significance of the constructed models. ANOVA consists of determining which factors significantly affect the response by the Fisher statistical test (F-test).
A significance test was conducted to determine the influence of the various input process parameters and their interaction terms on E and Pr values of the DPT synthetic process. The results of the significance test are listed in Table S5 . P-values lower than 0.05 indicate that the developed model and the terms are statistically significant, which confirms the significance of E and Pr as well as the other terms (Table S6 ). If the model is a good predictor of the experimental results, the F-value should be equal to or greater than the tabulated value of the F-distribution for a certain number of degrees of freedom in the model at a level of significance α (the standard 95% confidence limit) [15] .
Results and Discussion
The data for the experimental runs (Table S4) were used to find the coefficients of the response surface equation suggested in Equations 2 and 3.
Response-E and response-Pr
The results of the significance test for the reduced non-linear model for Pr are shown in Table S5 ; the F-value and P-value suggested that the individual, second order and some interaction terms, such as (2)
As indicated in Table S6 , the second order and some interaction terms 
The F-value of Pr, 81.38, is clearly greater than the tabulated F (2.20 at 95% significance), which confirms the adequacy of the model fit. The F-value of E, 614.12, is also greater than the tabulated F (2.18 at 95% significance), which indicates the significance of the model.
Adequacy test of the models
ANOVA was used to check the adequacy of the CCD model of the experimental design based on the response surface [15] . Table S7 shows the ANOVA regression parameters of the predicted surface response model for E and Pr. Properties such as lack of fit, R-squared, adjusted R-squared (R adj ), the predicted R-squared (R pred ) and PRESS were examined. Since the R value always decreases when a regression variable is eliminated from the model, the R adj , which takes the number of regression variables into account, is usually selected. In addition, R pred , which indicates the predictive power of the model, is chosen for the same reason. It can be seen from Table S7 that the R adj is greater than 0.7 as part of the conditions for the model's adequacy. Since the difference between R adj and R pred is less than 0.2, the model is adequate. The PRESS statistic is a measure of how well the model will predict new data. A model with a small value of PRESS indicates that the model is likely to be a good predictor. The lack of fit test with the P-values for E and Pr shows that the model is significant and fitted well. The regression coefficients (R 2 ) are listed in Table S7 , and quantitatively evaluate the correlation between the experimental data and the predicted responses (E or Pr). The experimental results and the predicted values are shown in Figure S10 , where the experimental data in the plot is able to generate a straight line.
Confirmation test of the models
Optimization of the experiments was carried out for all of the responses ( Table S8) . Analysis of the confirmation of the experiments for E and Pr is listed in Table S9 . The percentage error for E and Pr is computed as: (4) The purpose of the optimization is to reach the maximum response [15] . The optimal values obtained by the software [8] are shown in Figure S11 , where the optimal parameter values can be determine to reach the maximum responses of the process (Pr and E) for DPT. As seen, the maximum E was 64.97% with a desirability degree (d) of 0.9988. In order to obtain an E value of 64.97% with regard to the optimal diagram plotted ( Figure S11) , the values of x 1 to x 4 were 30.00 mL, 46 °C, 30 min and 69.73 mL, respectively. Moreover, the maximum Pr was 23.00 (100 g·mL 
Optimal method for increasing the E and Pr values of hexamine to DPT (high capacity and desirable purity)
An optimal method, similar to the synthetic method given in Section 2.1, was selected from among the tests in which the purity of the DPT was specified (Table S10) . Sediment with a purity of over 95% was obtained through this method, where DPT was purified by recrystallization from acetone. In this regard, to be sure of the conditions, the test was performed several times (Table S11 ). Figure S12 shows the suggested synthesis mechanism for DPT from hexamine. As with the electrophilic nitration process of aromatic compounds, a σ-complex of hexamine will form when NO 2 + is drawn close to hexamine. The balanced equation for the production of DPT from hexamine is:
Nitrolysis of hexamine by NO 2
+
The calculated E is based on this reaction by considering the number of hexamine methylene groups converted to the product [16, 17] .
Study of the effect of different factors on the E and Pr of DPT
The effects of the different parameters and their interactions on the responses in the surface (3D) and contour (2D) plots for the predicted responses can be established [15] . The surface and contour plots with two variables kept constant and the other two varying within the experimental ranges are shown in Figures S13 to S20.
i) The effect of volume of AN-NA solution (x 1 ) on E and Pr of DPT (Figures S13 and S14):
Generally, if the x 1 becomes higher than the permitted limit, the nitration conditions become stronger so that the synthesis of RDX and linear compounds from hexamine becomes more likely than the synthesis of DPT. Thus, the E and Pr values of DPT are lowered.
(ii) The effect of nitration temperature (x 2 ) on E and Pr of DPT (Figures S15 and S16): For x 2 , an increasing trend was observed in the E and Pr of DPT. Increasing the temperature within the specified range can enhance the reaction rate and cause the desired reaction to compete. On increasing x 2 above a specific limit, a decrease in E and Pr of DPT was observed because the bonding of the methylene groups can be easily broken and the by-products linear nitramines, RDX and HMX were produced. Acetic anhydride can be converted to acetic acid by absorbing hydrogen from nitric acid at high temperatures, which reduces E, Pr and the purity of DPT. High temperature conditions were confirmed in laboratory scale experiments by determining the solubility in acetone and degradation in hot water. The nitrolysis of hexamine at low temperatures has led to the synthesis of a number of cyclic nitramines [18] .
(iii) The effect of reactor addition time (x 3 ) on E and Pr of DPT (Figures S17 and S18): The reaction will go to completion because increasing the time has a positive effect on the percentage of impurity removal. Thus, it is important to optimize the x 3 simultaneously with the other parameters for obtaining the best responses. Figures  S19 and S20 ): Acetic anhydride in these mixtures acts as a dehydrating agent that reacts with water to generate acetic acid. A reduction of x 4 in the reaction environment can decrease the E and Pr as well as the purity of the DPT. Since dilution of the reaction reduces the rate of nitration at high values, it has a little negative effect on E. Due to an increase in the capacity volume, production is also reduced. The optimal method and its results are reported in Table 3 and compared with two previous studies, where the experimental data were available. As indicated, both E and Pr have been increased in the current work as compared to the two previous works. 
(iv) The effect of volume of acetic anhydride (x 4 ) on E and Pr of DPT (
Conclusions
A new method was used to optimize DPT synthesis from solid hexamine as starting material. During this optimization, it was specified that the factors influencing E and Pr could not be studied separately because these factors have interacting effects on each other. The CCD method was used to obtain an optimal point for the parameters. To optimize the production process and increase Pr, the amount of acetic acid as a reaction medium was reduced to a suitable limit. Four variables, x 1 , x 2 , x 3 and x 4 , are also important, in that x 1 and x 2 have the greatest effects on the E and Pr values. The optimal points generated by the software, were experimentally tested in the laboratory. Ultimately, DPT with an E of 64.58% and with a Pr of 20.77 (100 g·mL -1 was achieved.
